Osteosarcoma is the most common primary malignant bone tumour, and it has a strong tendency to metastasize early. While overall incidence is low, accounting for \<1% of all cancers ([@bib30]), osteosarcoma predominantly affects children and adolescents, representing 5--10% of malignancies in this group ([@bib45]). The prognosis of osteosarcoma is very poor, and despite advances in surgery and multiagent chemotherapy, the 5-year survival rate remains at 60--70% for patients with localised disease, and as low as 20--30% for patients with metastasis (reviewed in [@bib39]). This makes osteosarcoma the second most important cause of cancer-related death in children and adolescents. The poor prognosis of this disease is mainly due to lack of response to drug and radiation therapies. It is therefore important to better understand the underlying mechanisms of tumour progression and metastasis to identify or develop more efficient therapies. Cancer cell lines and xenograft models are important tools for studying these mechanisms, as well as for evaluation of novel targeted therapies.

Mesenchymal stem cells are highly motile, and can migrate through the body to repair tissue damage. This mesenchymal phenotype can be reactivated in cancer cells, making also well-organised epithelial cells motile and invasive through the epithelial--mesenchymal transition (EMT), which is shown to increase the tumour aggressiveness ([@bib27]). Properties associated with cancer development and aggressiveness include the capability to sustain proliferative signalling, evade growth suppressors, resist cell death, enable replicative immortality, induce angiogenesis and activate invasion and metastasis (reviewed in [@bib13]).

MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate gene expression by inducing mRNA degradation or by translational repression. Aberrant miRNA expression has been observed in several diseases, including cancer (reviewed in [@bib19]). miRNAs can target multiple genes simultaneously, and this property increases their potential as therapeutics, preventing tumours to escape the inhibition of a single pathway by using compensatory mechanisms. Several deregulated miRNAs have recently been identified for osteosarcoma (reviewed in [@bib8]).

We have previously characterised a collection of osteosarcoma cell lines and xenografts at the genomic, epigenomic and phenotypic level as part of EuroBoNet, an European Network of Excellence for research on bone tumours ([@bib37]; [@bib21]; [@bib32]; [@bib20]; [@bib35]). In this study, we have extended this panel, and evaluated 22 osteosarcoma cell lines for properties important for cancer development; that is, *in vivo* tumorigenicity, *in vitro* colony-forming ability, invasive/migratory potential and proliferation capacity. The mRNA and miRNA expression profiles associated with these phenotypes were also identified. The differentially expressed mRNAs and miRNAs identified in this study may be relevant to osteosarcoma tumorigenesis and metastasis, and they may represent good candidates for future therapeutic targets.

Materials and methods
=====================

Cell lines and culturing
------------------------

Twenty-two osteosarcoma cell lines derived from patient material were analysed. Nineteen of the cell lines were collected within the EuroBoNeT ([@bib37]). The cell lines HAL, KPD, MHM and OHS were established at the Norwegian Radium Hospital. Seven of the cell lines were established at the Instituto Ortopedico Rizzoli; IOR/MOS, IOR/OS9, IOR/OS10, IOR/OS14, IOR/OS15, IOR/OS18 and IOR/SARG. The cell line ZK-58 was kindly provided by Dr Karl-Ludwig Schäfer at the Heinrich-Heine University, Düsseldorf, Germany. The remaining cell lines were obtained from ATCC ([www.lgcstandards-atcc.org](http://www.lgcstandards-atcc.org)); HOS (CRL-1543), HOS-143B (CRL-8303, derived from HOS), HOS-MNNG (CRL-1547, derived from HOS), MG-63 (CRL-1427), OSA (CRL-2098), Saos-2 (HTB-85) and U2OS (HTB-96). We also included in our panel the three cell lines Cal72, kindly provided by Prof. Adrienne Flanagan (University College London, UK), 11T254, a kind gift from Florence Pedeutour (Nice University Hospital, France) and G-292, obtained from ATCC ([www.lgcstandards-atcc.org](http://www.lgcstandards-atcc.org)) (CRL-1423).

All cell lines were cultured in RPMI-1640 medium (Lonza, Basel, Switzerland) containing 10% fetal bovine serum (FBS) (PAA Laboratories GmbH, Pashing, Austria), 1 × Glutamax (Life Technologies, Carlsbad, CA, USA) and 1 × Penicillin/streptomycin (Life Technologies) at 37 °C with 5% CO~2~. Cell line identity was verified by short tandem repeats (STRs) DNA fingerprinting using Powerplex 16 (Promega, Madison, WI, USA), and compared against profiles at the EuroBoNeT cell bank ([@bib37]) and ATCC.

*In vivo* tumorigenicity
------------------------

Animal experiments were performed according to protocols approved by the National Animal Research Authority in compliance with the European Convention of the Protection of Vertebrates Used for Scientific Purposes (approval ID1499 and 3275; <http://www.fdu.no/>). In all, 1 × 10^6^ cells in 100 *μ*l serum-free RPMI-1640 were injected subcutaneously into each flank of locally bred NOD/SCID IL2R-gamma-0 (NSG) mice. The tumour size was measured weekly, and tumour volume was calculated by the formula (length × width × height)/2. When tumours reached a 1000-mm^3^ size the mice were killed, and for the low and non-tumorigenic cell lines the experiments were stopped after 6 months.

Colony formation assay
----------------------

In all, 1000 cells (in parallels or triplicates) were plated out in CELLSTAR 12-well suspension plate (VWR International, West Chester, PA, USA) in Methocult H410 (Stem Cell Technology, Grenoble, France) and DMEM/F12, supplemented with final concentrations of 1 × B27 (Life Technologies), 1 × Glutamax, 1 × Penicillin/streptomycin, 20 ng ml^−1^ epidermal growth factor (PeproTech, Stockholm, Sweden) and 20 ng ml^−1^ basic fibroblast growth factor (PeproTech), as recommended by Stem Cell Technology. After 2 weeks, the cells were stained with Thiazolyl Blue Tetrazolium Bromide (MTT) (Sigma, St Louis, MO, USA) for 24 h. The number of colonies larger than 50 *μ*m was quantified using the GelCount system (Oxford Optronix, Oxford, England).

Invasion and migration assays
-----------------------------

Cell invasion and migration were determined by plating 25 000 cells (in duplicates) in RPMI-1640 containing 1% FBS into 24-well invasion chambers with either Matrigel-coated or uncoated membranes, 8.0 *μ*m pores (BD Biosciences, Franklin Lakes, NJ, USA). RPMI-1640 containing 10% FBS was used as a chemoattractant in the lower compartment. Non-invasive/non-migratory cells on the upper surface of the membrane were removed by wiping with a cotton swab, and the remaining cells on the lower surface of the membrane were fixed and stained with Hemacolor (Merck KGaA, Darmstadt, Germany). Nine pictures (10 × ) of each well/membrane were taken, and the number of cells was manually counted.

Proliferation assay
-------------------

Cellular proliferation rates were analysed by live-cell imaging using the IncuCyte system (Essens Bioscience, Birmingham, UK). Cells were seeded into 96-well plates (2000 cells per well, quadruplets) and phase-contrast photographs (2 per well) were taken automatically every second hour for 5 days. The proliferation rates are presented as cell confluence (%) over time (h).

Genome-wide expression profile comparison and statistical analyses
------------------------------------------------------------------

Comparisons between aggressive *vs* non-aggressive cell lines (high/low comparisons) were performed on 17 of the 22 cell lines (marked with an asterisk in the Figures and Tables). Global mRNA and miRNA profiles were already available ([@bib20]; [@bib35]) and were done by using the Illumina Human-6 v.2.0 Expression BeadChip (Illumina, San Diego, CA, USA) and Agilent Human miRNA Microarrays v.2.0 (Agilent, Santa Clara, CA, USA), respectively. The cell lines HOS-143B and HOS-MNNG were excluded from the gene expression analysis since they originate from HOS and thereby could influence the analysis. Identification of significantly differentially expressed mRNAs and miRNAs was done using Rank Product analysis in J-Express ([@bib9]). mRNAs and miRNAs with *q*-value\<0.05 and fold change \>2-fold were selected. The functional annotation tool of DAVID (Database for Annotation, Visualization and Integrated Discovery, <http://david.abcc.ncifcrf.gov/home.jsp>) was used for functional enrichment analysis of the gene lists, using the DAVID default population background for *Homo sapiens*. The mRNA and miRNA expression data sets have been deposited in the GEO data repository ([www.ncbi.nlm.nih.gov/geo/](http://www.ncbi.nlm.nih.gov/geo/), accession number GSE28425).

Results
=======

Analysis of *in vivo* tumorigenicity and identification of putative genes involved
----------------------------------------------------------------------------------

To investigate the tumorigenic capacity of the different cell lines *in vivo*, we injected 1 × 10^6^ cells subcutaneously into each flank of NSG mice. The majority of the cell lines formed tumours, and the number of injections, number of tumours formed and the growth curves for each cell line are given in [Figure 1](#fig1){ref-type="fig"}. The cell lines formed five distinct groups, and were scored from 0 to 4 with regard to speed of tumour formation. The cell lines HOS, HOS-143B, HOS-MNNG, MHM, OHS and OSA formed tumours most rapidly; reaching a volume of ≈1000 mm^3^ within 10--20 days ([Figure 1](#fig1){ref-type="fig"}, red curves), whereas four cell lines (11T254, IOR/MOS, IOR/OS10 and IOR/OS18) did not form tumours at all during the 6 months duration of the experiments. IOR/SARG was scored as non-tumorigenic, although 1 of 12 injections resulted in tumour growth. The remaining cell lines were divided into two groups, cell lines that formed tumours over 600 mm^3^ between 30 and 60 days post injection (orange curves), and cell lines forming tumours after 60 days (yellow curves).

To identify genes that were associated with tumorigenicity, we compared the mRNA and miRNA expression profiles ([@bib20]; [@bib35]) of highly tumorigenic and non-tumorigenic cell lines. We compared four highly tumorigenic cell lines (HOS, MHM, OHS and OSA) and three non-tumorigenic cell lines (IOR/MOS, IOR/OS10 and IOR/OS18). (The cell lines HOS-143B and HOS-MNNG were excluded from the gene expression analysis since they are derived from the HOS cell line). The analysis revealed several mRNAs and two miRNAs that had significantly different expression levels between the two groups. In all, 354 mRNAs were significantly changed by two-fold or more between the two groups ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). A 'top-ten\' list of genes (based on the *q*-value and fold change) is presented in [Table 1](#tbl1){ref-type="table"}. Furthermore, both the miRNAs miR-199b-5p and miR-100-3p were highly expressed in all the non-tumorigenic cell lines, but absent or barely detectable in the highly tumorigenic cell lines ([Table 2](#tbl2){ref-type="table"}).

Analysis of colony-forming ability and identification of putative genes involved
--------------------------------------------------------------------------------

The *in vitro* colony-forming ability of cells growing under anchorage-independent conditions was further investigated. The number of colonies larger than 50 *μ*m after 2 weeks of growth is presented for each cell line in [Figure 2](#fig2){ref-type="fig"}. The cell lines HOS, HOS-143B, HOS-MNNG, MG-63 and OSA showed a very high ability to form colonies ([Figure 2](#fig2){ref-type="fig"}, red bars), whereas 11T254, HAL, IOR/MOS, IOR/OS9, IOR/OS14 and ZK-58 had very low colony-forming ability ([Figure 2](#fig2){ref-type="fig"}, green bars). The latter cell lines formed only 2--10 colonies per 1000 cells plated, which is ∼100 times lower than the highly clonogenic cell lines. The remaining cell lines showed intermediate colony-forming ability.

Comparing the miRNA expression profiles of high (MG-63, HOS and OSA) and low clonogenic cell lines (HAL, IOR/MOS, IOR/OS9, IOR/OS14 and ZK-58), 35 mRNAs that were significantly changed by two-fold or more were identified ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The 'top-ten\' list (based on the *q*-value and fold change) is presented in [Table 1](#tbl1){ref-type="table"}. A similar comparison at the miRNA level revealed one miRNA, miR-155-5p, to be differentially expressed between the two groups ([Table 2](#tbl2){ref-type="table"}). This miRNA was highly expressed in all cell lines that formed a high number of colonies, and less expressed or absent in cell lines having a low clonogenic potential.

Analysis of invasive and migratory abilities and identification of putative genes involved
------------------------------------------------------------------------------------------

The *in vitro* migration capacity was determined as the ability of cells to migrate through pores in non-coated membranes, and the *in vitro* invasion capacity was determined as the ability to degrade and migrate through pores of Matrigel-coated membranes. The cell lines HAL, HOS, HOS-143B, HOS-MNNG, OSA and U2OS showed a high invasion and migration potential ([Figure 3](#fig3){ref-type="fig"}, red bars), whereas 11T254, G-292, IOR/MOS, MG-63 and ZK-58 had a poor ability both to invade and to migrate ([Figure 3](#fig3){ref-type="fig"}, green bars).

When comparing expression profiles of highly invasive and motile cell lines (HAL, HOS, OSA and U2OS) *vs* non-invasive and stationary cell lines (IOR/MOS, IOR/SARG, MG-63 and ZK-58), 206 mRNAs were significantly changed by two-fold or more between the two groups ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). A 'top-ten\' list of genes (based on the *q*-value and fold change) is presented in [Table 1](#tbl1){ref-type="table"}. At the miRNA level, the miRNAs miR-135b-5p and miR-146a-5p were identified as highly upregulated in the highly invasive group ([Table 2](#tbl2){ref-type="table"}).

Analysis of proliferation rate and identification of putative genes involved
----------------------------------------------------------------------------

The proliferation rates of the cell lines were determined by live-cell imaging, and are presented as increased cell confluence (in %) over time in [Figure 4](#fig4){ref-type="fig"}. Most of the cell lines proliferated very fast, reaching 60% confluence within 72 h when seeded at 5% confluence ([Figure 4](#fig4){ref-type="fig"}, red and yellow curves). The cell lines G-292, HAL, IOR/MOS, IOR/OS9, IOR/OS14 and KPD proliferated more slowly ([Figure 4](#fig4){ref-type="fig"}, green curves). The cell line 11T254 also proliferated slowly but is not included in the figure as we were not able to get satisfying live-cell images of this cell line due to weak cell contrast.

The comparison of expression profiles of rapidly (HOS, MHM, OHS and OSA) *vs* slowly proliferating cell lines (HAL, IOR/MOS, IOR/OS9, IOR/OS14 and KPD) identified 300 mRNAs that were significantly differently expressed, by two-fold or more, when comparing the two groups ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). A 'top-ten\' list of genes (based on the *q*-value and fold change) is presented in [Table 1](#tbl1){ref-type="table"}. Furthermore, 11 miRNAs were upregulated in the rapidly proliferating group (miR-126-3p, miR-135b-5p, miR-136-5p, miR-146a-5p, miR-155-5p, miR-376a-3p, miR-376c-3p, miR-377-3p, miR-411-5p, miR-495-3p and miR-758-3p) and 10 miRNAs were downregulated (miR-15b-3p, miR-34c-5p, miR-143-3p, miR-145-3p, miR-145-5p, miR-199b-5p, miR-214-5p, miR-449a, miR-452-5p and miR-886-3p) ([Table 2](#tbl2){ref-type="table"}).

Functional enrichment analyses of the differently expressed mRNAs
-----------------------------------------------------------------

To evaluate the relevance of the differently expressed mRNAs from the tumorigenic, clonogenic, invasion/migration and proliferation comparisons, the function of the regulated genes was examined by functional enrichment analyses using DAVID (Database for Annotation, Visualization and Integrated Discovery). There was a significant overrepresentation of genes involved in extracellular matrix, growth factor binding, cellular adhesion, cell motility, angiogenesis, bone development and osteoblast differentiation ([Supplementary Tables S5--S8](#sup1){ref-type="supplementary-material"}), supporting that these mRNAs have relevance for processes related to osteoblast function and to tumorigenesis in osteosarcoma.

Discussion
==========

To improve the understanding of oncogenic mechanisms and how they affect the efficacy of therapies, it is important to have relevant preclinical models. The collection of osteosarcoma cell line models characterised here is to date the most extensive panel of this kind available. As an overture to more focussed mechanistic studies, we have characterised these cell lines for the most relevant malignant phenotypes, and we anticipate that this will also facilitate preclinical studies on this orphan disease.

We determined *in vitro* abilities to migrate, invade, proliferate and form colonies, as well as the *in vivo* ability to form tumours for 22 osteosarcoma cell lines. Furthermore, we identified mRNAs and miRNAs that were differently expressed in aggressive *vs* non-aggressive cell lines, and associated them with specific properties of osteosarcoma tumorigenesis.

Growth in immunodeficient mice is probably the best way to evaluate the tumour-forming ability of patient samples, although false negatives are common. Our data demonstrate that osteosarcoma cell lines in general are highly tumorigenic, as 17 of the 22 cell lines in the panel were able to form tumours in NSG mice within the 6-month duration of the experiments. Out of these 17, 10 of the cell lines formed tumours extremely rapidly. [@bib32] have previously investigated *in vivo* tumorigenicity in nude mice of 19 of the cell lines in our panel. All lines scored as non-tumorigenic here got the same score by Mohseny *et al*, and the majority of their highly tumorigenic lines fall in the same group here. However, in their study only 8 of 19 cell lines were found to be tumorigenic. [@bib40] demonstrated how the choice of mouse strain or conditions for implantation greatly affected the efficiency of tumour formation in mice. It is also known that the age and health conditions of the mice may affect these properties. It should therefore not be surprising that some of the lines that were tumorigenic here (HOS, MG-63, Saos2, IOR/OS15, KPD, HAL and ZK58) were scored as non-tumorigenic in nude mice by Mohseny *et al*, even though those cultures originated from the same cell bank as used here, and the assay was of the same duration.

In this study, we find a strong correlation between invasion, motility and colony formation, especially for the highly aggressive cell lines, such as HOS, HOS-143B and OSA, which were highly aggressive for all phenotypes analysed. 11T254 and IOR/MOS, on the other hand, were in general non-aggressive, as they were non-tumorigenic, non-clonogenic, as well as non-invasive/non-migrative.

Furthermore, we identified mRNAs and miRNAs that were differentially expressed in cell lines with high *vs* low capacity for these cancer-related phenotypes, which could suggest some mechanistic association. Most notably, four genes---*COL1A2*, *KYNU*, *ACTG2* and *NPPB*---were differentially expressed in all the high/low comparisons performed (tumorigenic, clonogenic, invasive/motile and proliferative). *COL1A2* and *KYNU* were downregulated in the highly aggressive cell lines for all properties investigated, and are thereby suggested to be associated with tumour suppression in osteosarcoma. *COL1A2* encodes the pro-α2 chain of type I collagen, which is the fibrillar collagen found in most connective tissues, and the main component of the organic part of bone. The gene is mutated in some skeletal diseases ([@bib16]; [@bib28]) and is epigenetically silenced in several cancer types ([@bib42]; [@bib4]; [@bib33]; [@bib2]; [@bib3]; [@bib31]). [@bib33] has further presented data indicating that COL1A2 inactivation contributes to increased proliferation and migration activity of bladder cancer. Our findings would be consistent with this, showing reduced expression of COL1A2 in the highly proliferative and motile cell lines.

The other downregulated gene, *KYNU*, encodes the protein kynureninase, which is involved in the biosynthesis of NAD cofactors from tryptophan. KYNU expression is reduced in invasive ductal carcinoma *vs* normal fibroadenoma ([@bib38]). In addition, the level of the metabolite kynuerine is 27-fold higher in human embryonic stem cells than in their oncogenic counterpart human embryonal carcinoma ([@bib7]). Interestingly, in a recent study, gene expression profiles of acute myeloid leukemia patients with *IDH* mutation were compared with patients with wild-type *IDH*, revealing a deregulated tryptophan metabolism and a significant downregulation of *KYNU* expression in the *IDH*-mutated cases ([@bib6]). This connects *KYNU* to the rediscovered concept of metabolic switching in cancer development. The switch from oxidative phosphorylation to aerobic glycolysis appears to be a hallmark also for stem-cell function in normal tissue growth, and it is also associated with epigenetic programming (reviewed in [@bib47]). It seems likely that such epigenetic reprogramming could be involved in the downregulation of both *KYNU* and *COL1A2*.

Both the genes *ACTG2* and *NPPB* were upregulated in the aggressive group for all the properties analysed, and they were the two most significantly upregulated genes in the clonogenic high/low comparison. Since gamma actins are involved in cellular motility, it makes sense that expression of *ACTG2*, which encodes actin gamma 2, is increased. Such increased expression in cancer has previously been reported ([@bib10]; [@bib22]). *NPPB* is a member of the natriuretic peptide family and encodes the secreted protein brain natriuretic peptide (BNP), which functions as a cardiac hormone and has a key role in cardiovascular homeostasis. To our knowledge, this gene has not been linked to the process of tumorigenesis before. However, accumulating evidence suggests that natriuretic peptides also have a role outside the cardiovascular system, and they have been reported to be important regulators of bone and cartilage differentiation and maintenance; that is, overexpression of BNP results in skeletal overgrowth in transgenic mice ([@bib44]), and variations in the promoter of *NPPB* is linked to rapid bone loss ([@bib17]). In agreement with a regulative role of *NPPB* in bone differentiation and growth, dysregulation of this gene might be associated with impaired differentiation in cancer.

Another interesting finding was that *RUNX2* expression inversely correlated with proliferation capacity. *RUNX2* encodes a master transcription regulator of bone development and osteoblast maturation (reviewed in [@bib18]), and is shown to be highly elevated in osteosarcoma tumours (reviewed in [@bib29]). In accordance with this, we observe an upregulation of *RUNX2* expression in the highly tumorigenic cell lines. Interestingly, our results further show that *RUNX2* expression is reduced in the highly proliferative cell lines, which is consistent with a recent study demonstrating that overexpression of *RUNX2* suppresses cell growth of several osteosarcoma cell lines ([@bib24]). Thus, the cancer cells must be able to fine-tune *RUNX2* expression to promote tumorigenesis without repressing tumour growth.

miRNAs are interesting as their expression patterns appear to be more tissue and cancer type specific, and their small size make therapeutic applications possible. Here, we found that miR-199b-5p and mir-100-3p were downregulated, or even absent, in the highly tumorigenic cell lines. This is in agreement with recent publications showing that low levels of miR-199b-5p are observed in several cancer types ([@bib12]; [@bib1]), and inversely correlate with survival rates ([@bib46]). [@bib12] also more directly demonstrated that miR-199b-5p overexpression reduces the cancer stem-cell population in a xenograft mouse model, resulting in impaired medulloblastoma tumour development. Our results further revealed that miR-155-5p was upregulated in the highly clonogenic cell lines. Oncogenic functions of miR-155 have been reported previously (reviewed in [@bib25]); in fact, miR-155 was the first example of an miRNA that in a transgenic setting was able to initiate cancer ([@bib5]; [@bib36]). The level of miR-155 is found to be high in mesenchymal stroma cells, and overexpression blocks their differentiation ([@bib43]). Another oncogenic miRNA described in the literature is miR-135b, which was recently identified as a biomarker for pancreatic ductal adenocarcinoma ([@bib34]). Furthermore, its expression was found to correlate with metastasis and clinical stage in colorectal cancer ([@bib11]; [@bib49]). Interestingly, miR-135b-5p was in our analyses upregulated in the highly motile and invasive cell lines, consistent with a possible function of this miRNA in cancer metastasis. Overexpression of this miRNA in osteosarcoma has also been reported by others ([@bib26]). Also, miR-146a-5p was upregulated in the highly motile and invasive cell lines, and might also have a role in the process of osteosarcoma metastasis.

A large number of miRNAs were correlated with proliferation. miR-155-5p, miR-135b-5p and miR-146a-5p were highly upregulated in the rapidly proliferating group, whereas miR-199b-5p was downregulated, consistent with findings in the other comparisons. Interestingly, upregulation of miR-155 and miR-135b in rapidly proliferating and clonogenic stem-like cells fits well with the requirement for downregulation for mesenchymal differentiation ([@bib41]; [@bib43]). miR-34c-5p and miR-449a, both members of the miR-34/449 family, were downregulated in the highly proliferating cell lines, in agreement with the role of this family in tumour suppression through induction of cell-cycle arrest, senescence and apoptosis (reviewed in [@bib15]). Inactivation of these miRNAs has been shown for a diverse set of cancer types, including osteosarcoma ([@bib14]). Interestingly, it has been suggested that miR-34a expression might be a potential predictor of therapy response, and that restoration of miR-34a expression might prevent chemotherapy resistance ([@bib15]). If that is the case also for the miR-34/449 family of miRNAs, which are downregulated in osteosarcoma, this would be of great importance, since the poor prognosis of this disease is mainly due to lack of response to chemotherapy. Interestingly, intravenous administration of an miR-34a mimic has been shown to inhibit tumour growth and metastasis of human prostate and lung cancer cells in mouse models ([@bib23]; [@bib48]). On the basis of the current data, it would be interesting to investigate the use of such mimics in our osteosarcoma models. Notably, the miRNAs downregulated in the aggressive groups might be good candidates as therapeutics.

In conclusion, the data obtained from this study demonstrate that osteosarcoma cell lines in general are highly tumorigenic, and points to some candidate biomarkers for aggressive tumours. The panel should be a valuable resource for studies of the various cancer-related phenotypes, of the mechanisms involved and for preclinical therapy studies. Furthermore, we identified a number of candidate genes associated with these phenotypes, the involvement of which in osteosarcoma development should be pursued further. However, further studies are required to evaluate whether any of the candidate genes are actual drivers of the disease.

Depending on the preclinical questions investigated, our classification of the cell line panel can be used to identify relevant models. We encourage the exchange of model systems, both to allow critical evaluation by other scientists, and as common tools to the advantage of the scientific community. An overview of model systems and research groups working on osteosarcomas will be maintained at [www.osteosarcomaresearch.org](http://www.osteosarcomaresearch.org).
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![***In vivo* tumorigenicity of 22 osteosarcoma cell lines.** The tumorigenic capacity is presented as tumour volume *vs* time (days after injection). The number of tumours formed/injections is also indicated. The curves show a representative experiment for all the cell lines. The cell lines fell into five groups depending on how fast they gave tumour (shown in [Table 3](#tbl3){ref-type="table"}); from highly tumorigenic cell lines (red), to less tumorigenic (orange, light orange and yellow) and non-tumorigenic cell lines (green). \*Cell lines included in the high/low expression profile comparison. For clarity, error bars are omitted, but can be seen in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}.](bjc2013549f1){#fig1}

![**Colony-forming ability of 22 osteosarcoma cell lines.** The number of colonies formed (larger than 50 *μ*m) is presented. The error bars show the deviation between 2 and 5 independent experiments. The cell lines are grouped into four groups; from highly clonogenic (red), to gradually less clonogenic (orange, yellow and green, respectively). \*Cell lines included in the high/low expression profile comparison.](bjc2013549f2){#fig2}

![**Invasive and migratory potential of 22 osteosarcoma cell lines.** The number of invasive/migratory cells counted from nine pictures (10 × ) of each membrane is presented. The error bars show the deviation between 2 and 4 independent experiments. The cell lines are grouped into four groups; from highly invasive or migratory (red), to gradually less invasive/migratory (orange, yellow and green, respectively). \*Cell lines included in the high/low expression profile comparison.](bjc2013549f3){#fig3}

![**Proliferation capacity of 22 osteosarcoma cell lines.** The proliferation rates are presented as cell confluence (%) over time (h), and are the average of 2--8 independent experiments. See [Supplementary Figure S2](#sup1){ref-type="supplementary-material"} for information about *n* and STDEV for each cell line. The cell lines were grouped depending on their proliferative rate (shown in [Table 3](#tbl3){ref-type="table"}); from highly proliferative (red), to less proliferative (orange, yellow and green). \*Cell lines included in the high/low expression profile comparison.](bjc2013549f4){#fig4}

###### Top-ten list of genes that were significantly upregulated or downregulated in the aggressive cell lines for each functional assay (*P*\<0.05, FC; fold change)

                       **Tumorigenicity**  **Colony-forming ability**    **Invasion/Migration**  **Proliferation**                             
  ------------------- -------------------- ---------------------------- ------------------------ ------------------- -------- ------ --------- ------
  **Upregulated**             QPCT         8.5                                   ACTG2           10.4                  IER3   15.5     LAMA5   9.9
                              NPPB         6.5                                   COL4A1          8.7                  COL4A1  10.3    COL4A1   9.6
                            EPB41L3        5.1                                   LAMA5           8.1                  IGFBP7  9.3      IER3    7.5
                              MAOA         3.6                                    NPPB           10.5                 OCIAD2  7.9     ALDH1A3  7.5
                             KRT17         6.7                                  C9orf58          7.8                   RBP1   7.4      KRT18   6.4
                            FLJ10154       3.3                                  LEPREL1          7.2                  EEF1A2  7.0      PRDX2   5.7
                           LOC647322       3.7                                  HRASLS3          6.6                  TAGLN   6.8     S100A16  5.4
                             PTPLA         2.9                                  S100A16          6.0                  SNRPN   6.6     C9orf58  5.4
                              GYG2         2.9                                  TMEM205          6.2                  SNURF   6.5      ACTG2   5.2
                              IL1A         4.7                                   RASL12          5.3                   UPP1   6.2     TM4SF1   5.2
  **Downregulated**           BGN          11.3                                  COL1A2          7.5                   DCN    18.4    COL1A2   10.7
                              MGP          11.0                                  HAPLN1          7.2                  COL1A2  7.8      ALPL    8.4
                              DKK1         8.2                                    ALPL           7.1                  S100A4  6.8      MAFB    6.9
                              LOX          7.3                                    KYNU           5.9                  PDGFRA  5.2       LUM    6.4
                             TM4SF1        6.7                                    MAFB           5.4                   MT1X   4.3     CTHRC1   4.8
                              MLPH         6.6                                    BMP4           5.2                    P8    3.6     TMEM119  4.2
                             FAM20C        6.2                                   IGFBP5          4.4                   BGN    4.5      ENPP2   3.9
                             IGFBP4        5.8                                    LUM            4.1                   GAS1   3.9     HAPLN1   3.8
                             KRT18         5.6                                   NINJ2           4.1                  RPS4Y1  3.8     CDKN2A   3.2
                            KIAA1199       5.6                                  OLFML2B          4.0                  STEAP1  3.6     ANGPT1   3.1

The top-ten lists are based on the *q*-value, then fold change. See [Supplementary Tables S1--S4](#sup1){ref-type="supplementary-material"}, for the whole lists of genes significantly changed by a two-fold or more after the different high/low comparisons (*q*\<0.05).

###### miRNAs that were significantly upregulated or downregulated in the aggressive cell lines for each functional assay (*q*\<0.05, FC; fold change)

  **High/low comparison**      **miRNA**         **Expression (FC)**    ***q*****-value**
  ---------------------------- ----------------- --------------------- -------------------
  **Tumorigenicity**           hsa-miR-199b-5p   Down (24.1)                     
                               hsa-mir-100-3p    Down (12.2)                  0.015
  **Colony-forming ability**   hsa-miR-155-5p    Up (55.6)                       
  **Invasion/Migration**       hsa-miR-135b-5p   Up (47.8)                    0.003
                               hsa-miR-146a-5p   Up (18.4)                    0.031
  **Proliferation**            hsa-miR-155-5p    Up (22.4)                       
                               hsa-miR-146a-5p   Up (12.8)                       
                               hsa-miR-135b-5p   Up (11.4)                       
                               hsa-miR-495-3p    Up (9.2)                     0.002
                               hsa-miR-136-5p    Up (8.0)                     0.006
                               hsa-miR-376c-3p   Up (6.7)                     0.002
                               hsa-miR-411-5p    Up (5.6)                     0.045
                               hsa-miR-126-3p    Up (5.4)                     0.018
                               hsa-miR-758-3p    Up (5.4)                     0.045
                               hsa-miR-376a-3p   Up (5.3)                     0.041
                               hsa-miR-377-3p    Up (5.4)                     0.045
                               hsa-miR-886-3p    Down (11.3)                     
                               hsa-miR-143-3p    Down (6.7)                   0.005
                               hsa-miR-452-5p    Down (6.1)                   0.003
                               hsa-miR-199b-5p   Down (5.9)                   0.001
                               hsa-miR-449a      Down (5.4)                   0.012
                               hsa-miR-145-5p    Down (5.1)                   0.014
                               hsa-miR-34c-5p    Down (5.1)                   0.014
                               hsa-miR-145-3p    Down (4.2)                   0.016
                               hsa-miR-214-5p    Down (3.7)                   0.016
                               hsa-miR-15b-3p    Down (3.3)                   0.033

###### Overview of the aggressiveness of the cell lines for each functional assay; from high aggressiveness (red) to lower aggressiveness (orange, yellow and green, respectively)
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